Heat transfer between a heated flat plate and normal impinging gas-solid two-phase jet flow has been investigated. A single jet from a nozzle of 10 mm diameter at nozzle-to-plate distance/nozzle diameter in the range of 2 to 8 was used. Natural sand particles with average diameters of 220, 350 and 550 µm are used as a solid phase. The effect of particle size and loading ratio (mass of sand/ mass of air) at different jet velocities on impingement cooling characteristics of flat plate are 
Introduction
Jet Impingement of single phase flow used for cooling hot surfaces in industrial processes because of the very high heat transfer rate by forced convection which reviewed by Zuckerman and Lior [1] . Introducing a second phase such as solid particle can cause augmentation or attenuation of turbulence depending on particles size, particles concentration, slip velocity and the jet velocity. The interaction between the particles with the gas and surfaces affect the heat transfer. Jet impingement cooling is used in a number of industrial systems such as turbine blades, heat exchanger, cooling of steel products after rolling, etc. A summary of some recent published works in the literature is given below.
Takehiko et al [2] used multiple impinging jets to study the heat transfer by mixing glass beads and graphite particles with air jet. The heat transfer was enhanced when graphite particles are used but it was decreased when glass beads was used. The results show that a belt-shaped dense region was formed near the wall after impingement of graphite particle but the glass beads particles are scattered after impingement. Shimizu et al [3] studied the heat transfer of jet impingement of nitrogen-graphite two-phase flow. The Reynolds number and the particle load ratio were in the range of 4.7x 10 4 -2 x10 5 and 0 -2.5, respectively were used.
Yoshida et al [4] investigated the heat transfer of impinging jet of gas-solid suspension using laser-Doppler anemometry. They used two-phase flow consisting air and glass beads of diameter 48.9 µm with standard deviation 8.7 mµ to carry out a heat transfer experiments for loading ratio varied in range of 0 to 0.8 and Reynolds number 10000. The Nusselt number increased to be 2.7 times the single flow which attributed to the drastic change in the turbulence intensity at the heated surface.
They also noted that the static electricity charge in fine particles influence the flow and temperature fields. A humidifier was installed upstream of the nozzle to maintain 6 the humidity at about 65% which gives a stable repeatable measurements. The difference between the results from [4] and [2] may explained by the difference in humidity.
Yokomine and Shimizu [5] Conducted experimental investigation to demonstrate the heat transfer performance of dense nitrogen-solid suspension impinging jet for diverter cooling of the fusion power reactor. The ranges of examined nozzle
Reynolds number (ReN) and thermal loading ratio Γth were 5.5x10 4 ≤ ReN ≤ 2.4x10 5 and 0 ≤ Γth ≤ 8.55 respectively. Spherical glassy-carbon (G-C) particles with 26µm in diameter and fine graphite particles with 10µm in diameter were used in the experiments. It was observed that changing the particles from hard glassy carbon to fine graphite particles is effective not only for anti-erosion but also for heat transfer enhancement in by increasing heat capacity. Turbulence augmentation by particles is also important for heat transfer enhancement in addition to the increased in heat capacity. However, increasing the solid loading is likely to lead to the saturation of heat transfer enhancement effect, on the contrary, to the attenuation of turbulence.
Shimizu et al [6] studied the nitrogen-carbon impinging jet from a single nozzle under high heat flux and high temperature. They found that the heat transfer coefficient was 15 kW/m 2 K at solid loading ratio 4.5.
Jin-song et al [7] investigated the influence of particles on impingement heat transfer from tube in gas-solid two-phase flow. The solid particles used in their work were ash with mean diameter of 65 micron and sand with mean particle diameters of 120 and 320 µm. Solid loading ratio in the range of 0 -2.5 and solid particle diameters of 63, 150, 385 µm were used. Heat transfer was evidently enhanced with increasing solid loading ratio, but the solid particles reduced instead of enhanced the heat transfer at solid loading ratio ( < 0.015 kg of sand/kg of air). This negative effect was mainly due to turbulence suppression by particles. It was found that the Nusselt number for a Reynolds number of 12 000 and a solid loading ratio of 1.0 kg/kg increases with reducing particle size. The smaller the particles are, the larger the number of particles in a unit volume is for the same solid loading ratio. Thus, the heat transfer enhancement due thinner boundary layer becomes larger as the number of particles passing through the boundary layer increases.
Kurosaki et al [8] studied heat transfer experimentally due to axisymmetric impinging jet particles of graphite, glass beads and talcum with different sizes. It was confirmed 7 that the effect of disturbing the viscous sublayer with particles augment the heat transfer near a stagnation point to a certain extent but the enhancement approaches an asymptotical value with increasing the loading ratio.
The main purpose of the present work is to study the effect of using the natural sand as solid particles on heat transfer of gas-solid impinging jet from heated flat surface experimentally and numerically. The recent research indicates that sand and dust storms becomes more frequent and are increasing in intensity and strength in Middle East [9] which affect airplanes, power plant, desalination plant, etc. The natural sand was also used in a number of investigations related to jet engine performance which has a significant interest by the military and commercial aerospace industry [10, 11] .
The effect of particle size and loading ratio (mass of sand/ mass of air) at different jet velocities on impingement cooling characteristics of flat plate are investigated.
Experimental rig is build and used to study the effect of particle size, loading ratio and nozzle-to-plate distance/nozzle diameter ratio on flow and heat transfer. Ansys
Fluent is also used to simulate the flow and heat transfer for the same experimental case to validate the model. The numerical model have been used to carry out a parametric study to investigate the effect of the loading ratio, particle diameter and nozzle velocity on the heat transfer at Z/D = 6.
Experimental facility
A schematic of the experimental facility for jet impinging system used in this study is shown in Figure 1 . The air is supplied by a centrifugal blower (1) through a PVC pipe (17) is used to control the power from AC current source to the heater.
Natural sand particles are used in the experiments which are sifted to reduce the diameter variation with the required particle size. The density of the particles is measured to be 1700 kg/m 3 with heat capacity 800 kJ/kg K. Three particles sizes, with mean diameters of 220, 350 and 550 μm are used in this study.
The total input energy (electrical power) to the heater can be calculated as
The convection heat transfer from the plate can be written as
The heat loss is a combination of radiation and conduction. The radiation is calculated from the plate surface area using the measured temperatures of the plate and the surrounding.
Where є: emissivity of plate surface (0.075)
The heat loss by conduction is estimated by measuring the surface temperature of the insulating layer by a number of thermocouples embedded at the outer face of the insulation layer. The calculations show that the heat lost by conduction and radiation is about 10 % of the total input energy respectively. The local heat transfer coefficient can be calculated as
The data are also used to calculate the average heat transfer coefficient (hav) for the whole plate by averaging the local values. The local and average Nusselt numbers can be calculated as
To assess the accuracy of the experimental data, a single phase flow experiments are carried out to obtain the Nusselt number distribution for jet velocity = 47 m/s and Z/D = 6. Figure 2 shows a comparison between the present experimental measurements and data from literature [12, 13, 14] . In the stagnation region, there is a significant discrepancy in Nusselt number; particularly the data from [14] which is higher than the present work by about 65% but the difference becomes smaller compared to other researchers. The comparison also shows that the discrepancy is gradually decreases in radial direction compared to the stagnation point. The results from the simulation are also included in Figure 2 which shows a reasonable agreement with experimental measurements. The results of comparison reflect the reliability of both experimental measurements and CFD model and to extend the work for two-phase flow study. The convergence criterion of 10 -5 for continuity, velocity components, and energy and turbulence quantities is used.
CFD Model and Simulation

Description of Computational Domain and Boundary Conditions
Mathematical Formulation
Gas Phase
The equations for conservation of mass, momentum with an appropriate turbulence model and thermal energy equation [15] are used. The model was devised for 3-dimensional, steady, turbulent, incompressible, and axisymmetric with constant properties.
Continuity equation
Reynolds stresses in the Eq. 7 is modelled using Boussinesq approximation [15] (2010):
Where i or j = 1 correspond to the x-direction, i or j = 2 the y-direction and i or j = 3
In order to solve the mass, momentum and energy equations, it is necessary to model the interfacial forces, Reynolds stresses and the heat exchange term. The interfacial forces models are used to evaluate the pressure and viscous stresses at the interface which includes drag, lift and virtual mass forces. The turbulent stresses appearing in the momentum equation are evaluated using a turbulence model. The heat transfer equation from continuous to discrete phase is used. ANSYS Fluent 14.7 is used to solve the mass, momentum and energy equations incorporating the interface forces models, the RNG k-ε turbulence model with the scalable wall function and heat transfer equation at the air-particle interface.
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Turbulent viscosity
In present study, the RNG k-ε turbulence model [16] is applied by considering the studies of Pulat et al [17] and Heck et al [18] . They found that this model is suitable to simulate the impinging jet flow in stagnation zone and wall jet regions adequately.
The equations for the turbulent kinetic energy k and the dissipation rate ε are:
Dissipation rate of turbulent kinetic energy, ε
Gk is the turbulence kinetic energy due to the mean velocity gradients. The model constants are given by Yakhot and Orszag [16] and Launder and Spalding [21] : Cµ = 0.09, C1ε = 1.42, C2ε = 1.68, αk and αs are constant and equal to 1.393, ηo = 4.38 and β= 0.012.
Particle equation
Prediction of the particle trajectory is based on integrating the force balance on the particle, which is based on the Lagrangian formulation [7, 19] . The force balance of inertia force, drag force and gravitational force acting on the particle in the x direction as [15] : Where, u is the air velocity, CD the drag coefficient, up is the particle velocity, µ is the air viscosity, ρ is the air density, ρp is the particle density and dp is the particle diameter. Re is the relative Reynolds number which is defined as:
The particle interaction with wall can be set in Fluent as reflect, trap, escape, wall-jet and interior. The wall-jet and reflect wall boundary conditions are used in this study to describe the particle behaviour after its collision with the wall.
In addition to the general model formulation, the near-wall treatment can affect the accuracy of the results where the hydrodynamics and thermal boundary layers are evolved. The wall function approach is used to simplify the solution of turbulent flow close to the wall [14] . The simplifications and economies provided by wall function make them widely used in the application of commercial CFD codes to compute the complex turbulent flow problems [15] . The flow can be divided into two regions; viscous sublayer close to the wall and a fully developed turbulent region at some distance from the wall. The scalable wall function available in Fluent assumes that the start of turbulent region coincides with edge of viscous sublayer (y + (yUτ/)  11.26 [20] is used in this study due the difficulty of achieving high values (y+>30) at the stagnation point when standard option is used.
Grid Independence
The grid independence investigation is performed using the RNG k-ε turbulence model to obtain grid independent results. Three different mesh sizes are used for Z/D = 6 and UJ = 47 m/s (Re = 31143) to investigate the variation in Nusselt number. 
Results and Discussions:
Turbulence Models Study
In addition to the RNG k-ε turbulence model as recommended by Pulat et al [17] and Heck et al [18] to simulate the impinging jet flow in stagnation zone and wall jet regions, one simulation for the selected number of cells (622765) has been carried out using the standard k-ε and SST k-ω models to confirm the advantage of using RNG k-ε over the other models. Figure 4b presents the Nu for Z/D = 6 from different turbulence models. The results show that for the standard k-ε, the Nu value is higher by 6% at the stagnation point compared to experimental Nu value but become 3.8% and 27% less than experimental for SST k-ω and RNG k-ε respectively. The average values of standard k-ε, SST k-ω and RNG k-ε are 49.6, 48.5 and 444.5 respectively which is closed to the experimental data (47.38). From the average and radial distribution, it can be concluded that RNG k-ε model is more appropriate to be used in this study. The discrepancy between the Nu from different turbulence models can be attributed to the difference in the structure of the turbulent intensity (TI) as shown in Figure 4c . The results in Figure 4c show that standard k-ε model gives the highest values of turbulence intensity in stagnation zone compared to SST k-ω and RNG k-ε model respectively. The present conclusion is in consistent with previous published work [13, 14] . show that the Local Nusselt number for loaded cases has a minimum value at Z/D = 6. This minimum value can be explained by the corresponding minimum value of turbulence intensity from contours given in Figure 5c . The minimum turbulence intensity at Z/D = 6 may be attributed to the change in the jet spreading and the low gas velocity near the plate surface due to the existence of particles [4] . Figure 6a shows the radial profiles of the experimental and numerical Local Nusselt number for single and two-phase flow jet at Z/D = 6, dp = 220 m and jet velocity = 
Effect of Z/D ratio on Heat transfer for single and two phase flow
Two phase flow investigation
Parametric study
The model is used to investigate the influence of particle velocity, loading ratio and particles diameters on heat transfer from the heated plate. diameter, the results demonstrate that increasing loading ratio increases the Local Nusselt number when wall jet option is used but using the reflect option (particle rebounding) decreases the Local Nusselt number. These results are supported by the experimental data from Takehiko et al [2] for glass beads (rebounding particles/ reflection) and graphite (wall jet/ layer).
The effect of loading ratio is also investigated in the range of 0 -7 kg of sand/kg of air. The results show that increasing loading ratio increases/decreases the Local Nusselt number based on the selected option of the particles behaviour for all diameters. It can be observed that the increase/decrease of Local Nusselt number become smaller at larger particle diameters. However, increasing the loading ratio increase the Local Nusselt number up to a certain value but the rate of change 16 decrease for higher loading ratios. This behaviour was also observed experimentally by other researchers (Takehiko et al [2] , Kurosaki et al [8] ).
Comparing the Nusselt numbers from Figures 8a, 8b and 8c show that the values are decreased for larger particles. Jin-song et al [7] reported a similar trend when ash particle diameter increased which was attributed to the smaller number of the particles per unit volume for the same particles loading ratio. Figure 9 gives the summary of the of average Nusselt number for different particle diameters, loading ratios. In addition to results for jet velocity = 15 m/s, Nu was also predicted for jet velocity = 47 m/s. A similar trend of Local Nusselt numbers can be observed for both velocities.
Conclusions
Experimental and numerical results for gas-solid flow using natural sand are Nu av Γ dp=220 µm -wall jet dp=220 µm -reflect dp=550 µm -wall jet dp=100 µm -wall jet dp=220 µm -wall jet dp=220 µm -reflect dp=550 µm -wall jet dp=550 µm -reflect dp=350 µm -wall jet dp=100 µm -wall jet 
